INTRODUCTION
============

Cellular proteins are exposed to numerous chemical and physical hazards, such as reactive oxygen species and heat shock, that can damage their structural integrity and cause misfolding. Even under optimal physiological conditions, the cell is faced with the continuous stochastic production of misfolded proteins through synthesis errors, which can threaten cell viability if they are not managed appropriately. The deleterious consequences of not dealing with misfolded proteins properly are highlighted by the many human disorders that result from protein aggregation, for example, Alzheimer, Parkinson, and Huntington disorders and amyotrophic lateral sclerosis ([@B59]).

One key way in which the cell manages misfolded proteins is by destroying them through protein quality control (PQC) degradation. In eukaryotes, PQC degradation occurs principally through compartment-specific ubiquitin ligases that target misfolded proteins for ubiquitination and subsequent destruction by the proteasome ([@B47]; [@B49]; [@B69]). Ubiquitin ligases typically determine substrate specificity in ubiquitination pathways, and those ligases involved in PQC must be able to discriminate misfolded proteins from their normally folded counterparts to function effectively. Without this critical capacity, PQC degradation systems would subject structurally intact normal proteins to random destruction. Because any protein could lose its structure and become misfolded, PQC ubiquitin ligases must also be able to recognize a diverse assortment of unrelated substrates by targeting a common feature of structural abnormality. We understand poorly what structurally abnormal features PQC ubiquitin ligases recognize in their misfolded substrates.

Ubiquitin ligases that function in PQC degradation have been identified in the endoplasmic reticulum (ER) ([@B29]; [@B5]; [@B20]; [@B65]; [@B41]; [@B52]), cytoplasm ([@B37]; [@B51]; [@B31]; [@B54]), and nucleus ([@B21]; [@B22]; [@B36]; [@B34]; [@B71]). Of these known PQC ubiquitin ligases, the ER membrane--bound PQC ubiquitin ligases Hrd1 and Doa10 in budding yeast have been the most extensively studied, and we now have some information on the structurally abnormal features these ligases might recognize in their substrates. Misfolded proteins that present their folding lesions in the ER lumen are targeted by Hrd1 ([@B68]; [@B9]), which uses various ER lumen adaptor proteins, including its partner Hrd3 (SEL1L in mammals), the Hsp70 chaperone Kar2/BiP, and the lectin Yos9 (OS-9 and XTP3-B in mammals), to target misfolded ER lumen proteins ([@B7]; [@B23]; [@B67]; [@B66]; [@B8]; [@B68]; [@B3]; [@B42]; [@B9]; [@B17]; [@B24]; [@B50]; [@B32]; [@B12]; [@B40]). For misfolded glycoproteins in the ER lumen, the Hrd1 complex uses Yos9 to recognize specific N-linked glycan moieties in the misfolded substrate ([@B3]; [@B42]; [@B56]; [@B13]), and these appear to be located near unstructured segments of the misfolded protein ([@B75]). What Hrd1 recognizes in misfolded ER lumen proteins that lack glycan moieties is not known. The Hrd1-dependent degradation of nonglycosylated misfolded proteins requires the Hsp70 chaperone Kar2/BiP ([@B40]), which could suggest that the Hrd1 pathway (through interaction with substrate-bound chaperones) targets hydrophobic residues that are normally buried in the folded protein\'s core but have become surface exposed through misfolding. In addition to Hrd1\'s role in targeting misfolded ER lumen proteins, Hrd1 also recognizes misfolded ER membrane proteins ([@B29]; [@B5]; [@B9]; [@B62]). For these cases, it appears that Hrd1 uses its transmembrane domain to sense folding lesions in misfolded ER transmembrane domains, perhaps by recognizing hydrophilic residues exposed in the hydrophobic environment of the membrane ([@B62]).

In contrast to Hrd1, Doa10 recognizes misfolded ER proteins that present their folding lesions on the cytoplasmic side of the ER membrane ([@B65]; [@B33]; [@B9]; [@B53]). Doa10 likely recognizes exposed hydrophobicity in its misfolded substrates, as numerous studies have identified synthetic hydrophobic peptides that cause Doa10 pathway--dependent degradation of attached reporters ([@B61]; [@B27]; [@B57]; [@B48]). Furthermore, the transcription factor MATα2 is also targeted for Doa10-dependent degradation, with Doa10 recognizing the exposed hydrophobic face of an amphipathic helix normally buried when MATα2 forms a heterodimer with MATa1 ([@B38]; [@B57]). Because cytoplasmic chaperones are involved in the degradation of many Doa10 substrates ([@B33]; [@B48]; [@B53]), it is possible that Doa10 targets exposed hydrophobicity in misfolded proteins through the action of cytoplasmic chaperones, similar to how Hrd1 might use ER lumen chaperones.

It is important to consider that the abnormal features targeted by PQC ubiquitin ligases might differ depending on the cellular compartment. For example, the ER and cytoplasm are sites of initial protein synthesis, and PQC degradation systems in these compartments must avoid targeting nascent proteins in the process of folding normally but still be capable of recognizing both nascent proteins that fold abnormally and normally folded proteins that have become misfolded through damage. With this constraint, PQC ubiquitin ligases in the ER and cytoplasm likely operate via a triage mechanism involving chaperones in the initial decision-making step in PQC degradation ([@B73]; [@B46]). On the other hand, the nucleus is a posttranslational compartment where little, if any, protein biosynthesis occurs. Thus nuclear PQC degradation systems need not be constrained by nascent protein folding. Whether PQC degradation systems in the nucleus operate under similar or different rules of substrate recognition and detection than PQC degradation systems in the ER and cytoplasm is not known. To address this, we focused our efforts on understanding how the yeast nuclear PQC ubiquitin ligase San1 functions in substrate targeting. San1 ubiquitinates misfolded nuclear proteins for proteasome degradation ([@B16]; [@B22]) by binding its misfolded substrates using intrinsically disordered domains ([@B58]). Here we report that San1 recognizes a small window of exposed hydrophobicity across a spectrum of different misfolded nuclear substrates.

RESULTS
=======

Under normal physiological conditions, PQC degradation systems typically target only a small, random portion of an individual protein\'s total pool that has become misfolded through synthesis errors or postsynthesis damage or has failed to complex correctly with its partner proteins. Because of the difficulties in examining a small portion of any protein\'s pool, PQC degradation studies have routinely used three different types of substrates whose entire pool can be induced to misfold. The first type of PQC substrate comprises synthetic peptides, which when fused to reporter proteins can cause their PQC ubiquitin ligase--dependent degradation ([@B26], [@B27]; [@B48]). It is thought that synthetic peptides mimic some feature present in misfolded proteins that is typically recognized by PQC ubiquitin ligases. The second type of PQC substrate consists of truncated proteins ([@B72]; [@B55]; [@B31]; [@B58]). Presumably, truncated proteins cannot fold into a proper structure, and thus they represent constitutively misfolded proteins targeted by PQC ubiquitin ligases. The third type of PQC substrate encompasses missense mutant proteins ([@B2]; [@B4]; [@B5]; [@B16]; [@B22]; [@B57]; [@B39]; [@B18]; [@B44]; [@B71]; [@B45]). In these cases, single missense mutations lead to misfolding of a protein and subsequent recognition by PQC ubiquitin ligases. Often the missense mutations cause temperature-dependent loss of protein function that can be recovered by eliminating their PQC degradation ([@B2]; [@B5]; [@B16]; [@B22]; [@B57]; [@B70]; [@B18]), indicating that the misfolding caused by the mutations is not so severe that all protein function is lost. For our studies, we used examples from each different type of substrate to see if we could identify a universal feature of structural abnormality targeted by San1.

Small hydrophobic peptides function as degrons for San1-mediated degradation
----------------------------------------------------------------------------

We recently identified 29 misfolded substrates that interact with San1, using a two-hybrid genetic selection in which a catalytically inactive version of San1 bearing a C279S mutation in its RING domain was fused to the Gal4 DNA-binding domain (GBD) and a yeast cDNA library that was fused to the Gal4 activation domain (GAD) ([@B58]). One interesting class of substrates identified by this analysis was made up of cDNAs oriented in the reverse direction to the GAD, causing the translation of random peptide sequences fused to the GAD rather than the desired protein encoded by the cDNA. Inspection of the peptide sequences revealed that five of the six peptides contain long tracts of hydrophobic residues ([Figure 1A](#F1){ref-type="fig"}, peptides 1--6), suggesting that San1 targets exposed hydrophobicity. To explore this further, we obtained a quantitative measure of peptide hydrophobicity by averaging the Kyte--Doolittle (K-D) hydrophobicity ([@B43]) values for each residue in the peptide, thus yielding an average hydrophobicity score for each peptide (which we call a K-D score). We classified a peptide as hydrophobic if it has a K-D score \>0 and as hydrophilic if it has a K-D score \<0. All six peptides have K-D scores \>0 ([Figure 1A](#F1){ref-type="fig"}).

![San1 interacts with hydrophobic peptides. (A) Cells expressing GBD-San1^C279S^ and each listed peptide fused to GAD were spotted onto media with or without histidine to measure spotting efficiency and two-hybrid interaction. Hydrophobic residues are in gray. Average K-D scores for each peptide are listed on the right. (B) Histogram of the K-D scores generated from 10^6^ simulated peptides selected randomly from the 16-mer peptide library. (C) Cells expressing GBD-San1^C279S^ and the indicated randomly selected peptide were spotted as in A. Hydrophobic residues are in gray.](2384fig1){#F1}

To determine whether San1 generally binds hydrophobic peptides, we subsequently performed a two-hybrid selection using a library of ∼10^7^ random 16-mer peptides fused to the GAD ([@B77]). We identified 10 unique peptides that interact with San1, and 9 of the 10 have K-D scores \>0 ([Figure 1A](#F1){ref-type="fig"}, peptides A--J). The K-D scores again suggested that San1 targets hydrophobicity. To determine the likelihood that this result could occur by chance, we selected at random 10^6^ simulated peptides from the library (based on the library\'s idealized composition) and found that the probability of selecting a peptide with a K-D score \>0 is 0.336 ([Figure 1B](#F1){ref-type="fig"}). Therefore it is unlikely that 9 of 10 peptides chosen at random from the library would have K-D scores \>0 (P value = 3.8 × 10^−4^). To verify that the library itself is not biased toward hydrophobicity, we sequenced 10 randomly chosen peptides and found 4 to have K-D scores \>0 ([Figure 1C](#F1){ref-type="fig"}, random peptides K--T), indicating that the peptide composition of the library is as expected (P value = 0.448). None of the randomly chosen peptides interacts with San1 by two-hybrid ([Figure 1C](#F1){ref-type="fig"}), which we expected since they were not identified as interactors in the two-hybrid selection.

Recently we found that San1 is an intrinsically disordered protein (IDP) ([@B58]). Intrinsic disorder confers conformational flexibility that enables an IDP to interact with a wide variety of structurally diverse proteins. Because of this flexibility, we considered the possibility that the San1-interacting hydrophobic peptides might simply interact with *any* IDP nonspecifically. To test this, we measured the two-hybrid interaction between all peptides and the deubiquitinating enzyme Ubp10, which is as highly disordered outside of its catalytic domain as San1 ([Figure 2A](#F2){ref-type="fig"}). No peptide interacted with Ubp10 ([Figure 2B](#F2){ref-type="fig"}), demonstrating that the interactions of hydrophobic peptides are specific for San1 and ruling out the possibility that they simply interact nonspecifically with any IDP.

![San1-interacting peptides do not interact with a similarly disordered protein. (A) Disorder predictions of Ubp10 and San1. Panels were generated from IUPred (<http://iupred.enzim.hu/index.html>). Predicted disordered regions are in yellow, and predicted ordered regions are in blue. (B) Cells expressing GBD-Ubp10 and each listed peptide fused to GAD were spotted onto media with or without histidine to measure spotting efficiency and two-hybrid interaction. Hydrophobic residues are in gray.](2384fig2){#F2}

We verified that the San1-interacting peptides target reporter fusions for San1-mediated degradation by attaching the peptides to green fluorescent protein (GFP) containing a nuclear localization signal (NLS), which allowed us to target the GFP fusions to the nucleus where San1 resides ([@B22]). We analyzed the degradation of the GFP^NLS^-peptide fusions in mutant *san1Δ* and wild-type *SAN1* cells using a cycloheximide-chase assay, which measures protein degradation after synthesis is blocked. Each GFP^NLS^-peptide is rapidly degraded in wild-type *SAN1* cells and stabilized in mutant *san1Δ* cells (see representative examples in [Figure 3A](#F3){ref-type="fig"}), which is consistent with their interactions with San1 in the two-hybrid assay ([Figure 1A](#F1){ref-type="fig"}). By contrast, the randomly selected peptides, which do not interact with San1 in the two-hybrid assay ([Figure 1B](#F1){ref-type="fig"}), are not subject to San1-dependent degradation; the GFP^NLS^-random peptide fusions are either stable or degraded in a San1-independent manner (see representative examples in [Figure 3B](#F3){ref-type="fig"}). Because the San1-interacting, cDNA-derived peptides have stretches of hydrophobic residues and hydrophilic residues, we confirmed that the hydrophobic residues are solely responsible for San1-dependent degradation by splitting peptides 2 and 3 into their constituent hydrophobic and hydrophilic parts. We observed San1-dependent degradation only when the hydrophobic, but not the hydrophilic, part of these peptides is fused to GFP^NLS^ ([Figure 3, C and D](#F3){ref-type="fig"}).

![Hydrophobic peptides are degraded in a San1-dependent manner. Cycloheximide-chase assays were performed to assess stability of the indicated GFP^NLS^-peptide fusion in the presence or absence of *SAN1*. Time after cycloheximide addition is indicated. (A) Examples of the degradation of GFP^NLS^-interacting peptide fusions. (B) Examples of the degradation of GFP^NLS^-randomly selected peptide fusions. (C) Degradation assays of peptide 2 hydrophilic and hydrophobic variants. (D) Degradation assays of peptide 3 hydrophilic and hydrophobic variants.](2384fig3){#F3}

A few of the randomly selected peptides do not interact with San1 but do have K-D scores \>0 ([Figure 1C](#F1){ref-type="fig"}), so it is likely that San1 recognizes something other than the overall hydrophobicity of the peptide. We hypothesized that San1 recognizes regions within each peptide in which hydrophobic residues are concentrated and hydrophobicity predominates. To test this, we determined the minimum number of contiguous hydrophobic residues required for San1-dependent degradation by substituting an increasing number of serine or threonine residues for the N-terminal hydrophobic residues in the peptide 2 and 3 hydrophobic variants. We found that San1 requires a minimum of five contiguous hydrophobic residues to target the GFP^NLS^-peptides for degradation ([Figure 3, C and D](#F3){ref-type="fig"}). Consistent with the idea that a window of hydrophobicity rather than overall hydrophobicity is recognized by San1, we found that the peptide 2 and 3 variants with only four contiguous hydrophobic residues are not degraded despite the fact that they have overall K-D scores \>0 (TSTSTSYIII, 0.77; TSTSTSVILL, 1.18). Thus we conclude that a local window of concentrated hydrophobicity rather than overall peptide hydrophobicity is the primary determinant of San1 recognition.

To examine the "window of hydrophobicity" hypothesis further, we evaluated the local K-D hydrophobicity score in a five-residue sliding window across the length of all San1-interacting and noninteracting peptides. We recorded the maximum five-residue window value found for each peptide and plotted the values of San1-interacting and noninteracting peptides separately for comparison ([Figure 4, A, C, and D](#F4){ref-type="fig"}). We observed a significantly higher mean K-D window value for the San1-interacting peptides compared with that for the noninteracting randomly selected peptides (P value = 2.9 × 10^−5^). The K-D value has particular biases in characterizing hydrophobicity ([@B43]), so we also evaluated the maximum hydrophobicity window value in all peptides using AGGRESCAN, an algorithm trained to predict the aggregation propensity of protein regions based on their residues\' hydrophobic content ([@B15]). We found that the San1-interacting peptides also have higher maximum AGGRESCAN window values than their noninteracting counterparts ([Figure 4, B--D](#F4){ref-type="fig"}), with even greater statistical separation of the mean values (P value = 2.8 × 10^−7^). Altogether, the experimental evidence coupled with the hydrophobicity analyses indicates that San1 recognizes a window of concentrated hydrophobicity in its target peptides.

![San1-interacting peptides are defined by a local window of hydrophobicity. (A) A K-D sliding scale of five residues was used to determine the maximum hydrophobic window in San1-interacting (•) and noninteracting (○) peptides. Vertical line marks the mean of each group. (B) Using AGGRESCAN values, a sliding-scale analysis was performed as in A. (C, D) The maximum hydrophobic window value using K-D and AGGRESCAN is listed for each interacting peptide (C) and randomly selected noninteracting peptide (D).](2384fig4){#F4}

Although there is a significant correlation between the window of hydrophobicity in a peptide and its interaction with San1 and San1-dependent degradation, there are some interesting outliers that cannot be explained solely by this simple model. Both peptides 1 and G interact with San1 and are degraded in a San1-dependent manner, but each has significantly lower K-D and AGGRESCAN maximum window averages than the other interacting peptides. Conversely, random peptides L and Q have maximum window averages that resemble those of San1-interacting peptides. However, these peptides do not interact with San1 and are subject to San1-independent degradation. See the *Discussion* for the potential reasons why we think these outliers are consistent with the "window of hydrophobicity" model of San1 recognition.

San1 targets hydrophobicity in truncated substrates
---------------------------------------------------

The hydrophobicity that San1 recognizes in the peptides likely reflects a similar feature that San1 targets in the misfolded proteins it typically encounters in the nucleus. To see whether this is the case, we turned to the other San1 substrates that we previously discovered in the two-hybrid cDNA selection ([@B58]), which are predominantly truncated proteins fused to the NLS-containing GAD. For these substrates, we hypothesized that the truncations cause hydrophobic regions normally buried in the full-length protein to become surface exposed and accessible to San1 when they are localized to the nucleus by virtue of their fusion to the GAD. We identified candidate hydrophobic regions in each truncated substrate by plotting K-D hydrophobicity values along their sequence lengths (Supplemental Figure S1). Fifteen truncated substrates have multiple hydrophobic stretches scattered throughout the protein; we categorized these as group I substrates. Six truncated substrates contain only a single pronounced stretch of hydrophobicity; we categorized these as group II substrates.

To determine whether San1 recognizes hydrophobicity in truncated substrates, we focused our attention on members of group II due to the simplicity of their hydrophobicity profiles. The group II substrate Rad16\* is a mutant form of the nuclear excision repair protein Rad16 in which residues 116--664 have been deleted. Rad16\* possesses a 28-residue hydrophobic patch spanning residues 142--169 in the truncated Rad16\* protein ([Figure 5A](#F5){ref-type="fig"}). This region corresponds to residues 691--718 in full-length Rad16 that normally would have been buried. Another group II substrate is Sed1\*, which is a mutant form of the cell wall protein Sed1 in which the first 20 residues have been deleted. The truncated Sed1\* protein contains a hydrophobic region spanning its final 44 residues ([Figure 5A](#F5){ref-type="fig"}). The hydrophobic patches in both Rad16\* and Sed1\* each contain a maximum five-residue hydrophobic window with values similar to the San1-interacting peptides ([Figure 5B](#F5){ref-type="fig"}), making them the likely regions recognized by San1 when localized to the nucleus. Both Rad16\* and Sed1\* interact with San1 in the two-hybrid assay ([Figure 5C](#F5){ref-type="fig"}) and undergo San1-dependent degradation ([Figure 5D](#F5){ref-type="fig"}). Deletion of the hydrophobic patch in Rad16\* and Sed1\* disrupts their interaction with San1 ([Figure 5C](#F5){ref-type="fig"}, GAD-Rad16\*^Δh^ and -Sed1\*^Δh^) and eliminates their San1-dependent degradation ([Figure 5D](#F5){ref-type="fig"}). Conversely, the isolated hydrophobic patch from Rad16\* (residues 691--718 of full-length Rad16) and Sed1\* (residues 294--338 in full-length Sed1) is sufficient to cause interaction with San1 ([Figure 5C](#F5){ref-type="fig"}, GAD-Rad16\*^hydro\ only^ and -Sed1\*^hydro\ only^) and induce San1-dependent degradation ([Figure 5D](#F5){ref-type="fig"}). On the basis of these results, we conclude that San1 also recognizes a window of exposed hydrophobicity in its truncated substrates.

![Hydrophobic regions in truncated proteins are necessary and sufficient for interaction with and degradation via San1. (A) K-D plots of Rad16\* and Sed1\* hydrophobicity. Gray indicates a stretch of hydrophobicity. The amino acid sequence of Rad16\* and Sed1\* in the gray box is indicated. (B) K-D and AGGRESCAN sliding-scale analyses were performed to determine the maximum average hydrophobic window in the hydrophobic stretches of Rad16\* and Sed1\*. (C) Cells expressing GBD-San1 and the indicated GAD-Rad16\*and GAD-Sed1\* fusions were spotted onto media with or without histidine to measure spotting efficiency and two-hybrid interaction. (D) Cycloheximide-chase assays were performed to assess the stability of the indicated GFP-Rad16\* and GFP^NLS^-Sed1\*.](2384fig5){#F5}

Missense mutant San1 substrates have increased surface hydrophobicity
---------------------------------------------------------------------

In addition to the peptides and truncated proteins, San1 also targets six different proteins containing single missense mutations for degradation: Sir4-9, Cdc68-1, Sir3-8, Cdc13-1, Mex67-5, Ura3-2 and Ura3-3 ([@B19]; [@B16]; [@B22]; [@B18]; [@B44]). Most missense mutant proteins degraded via San1 retain a significant portion of wild-type function after elimination of their PQC degradation by deletion of San1 ([@B63]; [@B76]; [@B22]; [@B1]; [@B18]; [@B44]), suggesting that the functional structure of the mutant proteins is largely intact. In these cases, we hypothesized that the mutation causes a local misfolding that exposes normally buried hydrophobic residues in a part of the protein not primarily involved in the protein\'s function.

To test this hypothesis, we wanted to measure the surface hydrophobicity of missense mutant San1 substrates to see whether the mutant versions had increased exposed hydrophobicity compared with their wild-type counterpart. For this analysis, we focused on missense mutant San1 substrates that have a crystal structure solved for the wild-type protein because we reasoned that these should be the best behaved during purification from bacteria and use in vitro. The yeast protein Ura3 has a known crystal structure ([@B10]) and two mutants, Ura3-2 (P144L) and Ura3-3 (D243G), that are subject to San1-mediated degradation ([@B44]). Each wild-type Ura3 residue that is mutated is positioned near hydrophobic regions of at least five residues long buried in the structure ([Figure 6, A and B](#F6){ref-type="fig"}): P144 is positioned near regions 84--89 (YNFLLF), 146--151 (GLLMLA), and 178--184 (FVIGFIA), whereas D243 is positioned near regions 197--206 (WLIMTPGVGL) and 230--234 (IIIVG). When we examined the sequence of Ura3 using the K-D or AGGRESCAN sliding window measures, we found that these local hydrophobic regions possess a maximum hydrophobicity window value comparable to the values in the San1-interacting peptides and truncated proteins ([Figure 6, C and D](#F6){ref-type="fig"}).

![Missense Ura3 mutants have increased surface-exposed hydrophobicity in vitro that correlates with San1-dependent degradation in vivo. (A) Local regions in the structure of Ura3 that surround residues P144 and D243. Red indicates the residue that is mutated in each version of Ura3, and yellow indicates surrounding hydrophobic residues. Images were produced from PDB 3GDK using macPyMOL. (B) Sequence of Ura3. Mutated residues are highlighted in yellow, and structurally proximal hydrophobic regions are underlined. (C) K-D and AGGRESCAN sliding-scale analyses were performed to identify hydrophobic windows in Ura3 (▴). Shown are the regions with the top five maximum values. (D) The K-D and AGGRESCAN hydrophobic window values are listed for the Ura3 regions plotted in C. (E) Bacterially purified Ura3, Ura3-2, and Ura3-3 were incubated with 30 μM ANS for 1 h and fluorescence measured. (F) Cycloheximide-chase assays were performed to assess the stability of the indicated GFP-Ura3 fusion in the presence or absence of *SAN1*. Time after cycloheximide addition is indicated above each lane. (G) Cycloheximide-chase assays were performed to assess the stability of the indicated GFP^NLS^-Ura3 peptide fusion in the presence or absence of *SAN1*. Time after cycloheximide addition is indicated. (H) Cycloheximide-chase assay was performed to assess the stability of GFP^NLS^--Ura3-3^I231A,\ V232A^ fusion in the presence or absence of *SAN1*. Time after cycloheximide addition is indicated.](2384fig6){#F6}

We purified Ura3, Ura3-2, and Ura3-3 from *Escherichia coli* and examined their surface hydrophobicity by measuring their ability to bind the dye 1-anilinonaphthalene-8-sulfonate (ANS) in vitro. ANS is negligibly fluorescent in an aqueous environment but binds hydrophobic residues and fluoresces in a hydrophobic environment ([@B30]). ANS incubated with mutant Ura3-2 and Ura3-3 produced a fluorescence signal significantly brighter than seen with normal Ura3 ([Figure 6E](#F6){ref-type="fig"}), indicating greater surface exposed hydrophobicity in the mutants. This result correlates with the San1-dependent degradation of Ura3-2 and Ura3-3 in vivo ([Figure 6F](#F6){ref-type="fig"}) and is consistent with the hypothesis that San1 also targets exposed hydrophobicity in this type of substrate.

Although it is difficult to ascertain how a missense mutation causes misfolding by sequence and position alone ([@B25]), we hypothesized that the misfolding might be proximal to the mutation. Therefore we focused our attention on the proximal hydrophobic regions located near each residue mutated in the Ura3 structure. We examined whether these mutation-proximal hydrophobic regions could function as San1 degrons in vivo by fusing 16-mer peptides containing the five highest maximum Ura3 hydrophobic windows (as described earlier) to GFP^NLS^ and testing for San1-dependent degradation. We chose peptides with lengths of 16 residues so that the experiment is consistent with the peptide lengths used in [Figure 1](#F1){ref-type="fig"}. Only the GFP^NLS^ fusions with the Ura3 peptides spanning residues 140--155 and 226--241, the most proximal to each mutated residue (P144 and D243), are degraded in wild-type *SAN1* cells ([Figure 6G](#F6){ref-type="fig"}). Each is partially stabilized in the absence of *SAN1* ([Figure 6G](#F6){ref-type="fig"}), indicating that San1 can recognize these regions if they become exposed.

Because the peptide 226--241 was competent for San1-dependent degradation when fused to GFP^NLS^, we decided to see whether we could mutate this region near the D243G mutation to reduce the hydrophobicity in Ura3-3. Unfortunately, when we mutated the hydrophobic residues proximal to the Ura3-3 mutation (I231 and V233), we found the additionally mutated Ura3-3^I231A,\ V232A^ protein was now subject to primarily San1-independent PQC degradation ([Figure 6H](#F6){ref-type="fig"}), thus hindering our ability to test the exposed hydrophobicity model in Ura3-3 further. This was not unexpected, however, in that additional mutations to hydrophobic residues could cause further misfolding that now reveals features of structural abnormality recognized by other PQC degradation systems. Despite our inability to test the hypothesis in full-length Ura3-2 and Ura3-3 by mutational analyses, the rest of the data are consistent with San1 recognizing exposed hydrophobicity in missense mutant substrates.

Exposed hydrophobicity targeted by San1 can lead to aggregation and nuclear toxicity
------------------------------------------------------------------------------------

From an evolutionary perspective, San1 likely evolved to recognize a feature of structural abnormality that has negative consequences if allowed to persist in the cell. Misfolded proteins tend to aggregate due to the interaction of inappropriately exposed hydrophobic surfaces ([@B11]). Protein aggregation can have deleterious effects on cell viability, as evidenced by the many known protein aggregation disorders ([@B64]). We recently found that expression of 11 different San1 substrates in *san1Δ* cells is toxic and affects cell viability ([@B58]). Because San1 targets hydrophobicity, we reasoned that aggregation resulting from exposed hydrophobicity in these substrates is likely responsible for their toxic effects.

We tested this hypothesis using Rad16\* ([Figure 5](#F5){ref-type="fig"}), which confers toxicity when expressed in *san1Δ* cells ([Figure 7A](#F7){ref-type="fig"}, Rad16\*). Deletion of the hydrophobic region in Rad16\* ameliorates its toxicity ([Figure 7A](#F7){ref-type="fig"}, Rad16\*^Δh^), linking exposed hydrophobicity to the detrimental effects of Rad16\* expression. Using AGGRESCAN, we found that the Rad16\* hydrophobic region is an aggregation "hot spot" ([Figure 7B](#F7){ref-type="fig"}). Concordant with this prediction, Rad16\*-GFP forms an inclusion body in the cytoplasm of wild-type *SAN1* cells but is absent from the nucleus due to San1-mediated degradation ([Figure 7C](#F7){ref-type="fig"}, Rad16\*-GFP). In *san1Δ* cells, Rad16\*-GFP additionally accumulates throughout the nucleus and in a nuclear inclusion. Because Rad16\* is toxic only in *san1Δ* cells ([Figure 7A](#F7){ref-type="fig"}), we concluded that it is the nuclear pool of Rad16\* that confers toxicity, not the cytoplasmic pool. Deletion of the hydrophobic region in Rad16\* results in uniform cytoplasmic and predominantly nuclear localization in both wild-type and *san1Δ* cells, with no observable inclusion formation ([Figure 7C](#F7){ref-type="fig"}, Rad16\*^Δh^). Thus the hydrophobic region in Rad16\* targeted by San1 is responsible for both Rad16\* aggregation and toxicity when present in the nucleus. In other words, San1 targets the very abnormal feature in a misfolded protein that can cause aggregation and toxicity.

![Nuclear aggregation and toxicity of Rad16\* requires its hydrophobic patch. (A) *SAN1* or *san1Δ* cells expressing either Rad16\* or Rad16\*^Δh^ were spotted onto media containing glucose to measure spotting efficiency or galactose to induce expression. (B) AGGRESCAN prediction of Rad16\*. Regions above the blue threshold are considered aggregation prone. (C) Expression of GFP-tagged Rad16\* or Rad16\*^Δh^ was induced in *SAN1* and *san1Δ* cells by growth in galactose for 8 h. Left, GFP fluorescence; middle, nuclear membrane (NM) visualized by a Dbp5-DsRed fusion and nuclear DNA (nDNA) visualized by staining with DAPI; right, overlays of the previous panels.](2384fig7){#F7}

DISCUSSION
==========

For effective PQC degradation to occur in the cell, PQC ubiquitin ligases must target a feature of structural abnormality that is commonly shared among many divergent misfolded proteins. Our analysis of the yeast nuclear PQC ubiquitin ligase San1 indicates that exposed hydrophobicity is the feature San1 recognizes in its disparate substrates, with a window of five contiguous hydrophobic residues defining the minimum amount of exposed hydrophobicity required for San1-mediated degradation. To determine how common this feature is among yeast proteins, we used the PatMatch tool in the *Saccharomyces cerevisiae* database (<http://www.yeastgenome.org/cgi-bin/PATMATCH/nph-patmatch>). The search identified 31,583 instances of five contiguous hydrophobic residues in 2471 of 5885 proteins (42% of the queried proteins), demonstrating that this feature is very common in the yeast proteome. It is reasonable to assume that the vast majority of these hydrophobic stretches are normally buried in a protein\'s core, at a protein--protein interface, or within a membrane environment and that their exposure would signify a defect in folding, assembly, or membrane insertion.

The San1-interacting and noninteracting peptides ([Figure 1](#F1){ref-type="fig"}) show statistically significant differences in the means of their five-residue maximum sliding window K-D and AGGRESCAN hydrophobicity values ([Figure 4](#F4){ref-type="fig"}). There was some overlap, however, in the range of values for San1-interacting peptides and noninteracting peptides. In particular, San1-interacting peptides 1 and G have maximum window values that fall within the range observed for the noninteracting peptides ([Figure 4](#F4){ref-type="fig"}). Two possibilities might explain this overlap. First, the K-D and AGGRESCAN scores are likely to be reasonably good but not completely accurate measures of a residue\'s hydrophobicity as it relates to San1 recognition. Each measure has its own biases in terms of assigning hydrophobicity values to residues, and we expect that these biases can result in underestimated maximum window values for some San1-interacting peptides (or possibly inflated maximum window values for some noninteracting peptides). Second, neither measure takes into account secondary structure. If a linear stretch of sequence forms an amphipathic α-helix or β-strand with hydrophobicity concentrated on one side of the secondary structure element, the peptide would not have a high maximum window value by either measure. In fact, using the JPRED 3 secondary structure predictor ([@B14]), we find that peptide 1 is predicted to form an amphipathic β-strand and peptide G is predicted to form an amphipathic α-helix ([Figure 8](#F8){ref-type="fig"}).

![Secondary structure predictions of peptide 1 and peptide G. (A) JPRED 3 prediction (<http://www.compbio.dundee.ac.uk/www-jpred/>) of peptide 1\'s secondary structure and cartoon of peptide 1 residues\' predicted positions in a β-strand. (B) JPRED 3 prediction of peptide G\'s secondary structure and helical wheel cartoon of peptide G residues\' predicted positions in an α-helix.](2384fig8){#F8}

Two of the random peptides, L and Q, possess maximum window values that are in the range of the San1-interacting peptides, but neither peptide interacts with San1 in the two-hybrid assay. There are two possibilities why this might occur. The first is that these peptides are recognized by San1 but are also degraded by additional PQC degradation systems. In this scenario, the degradation of the GAD-peptide fusions would prevent acquisition of a sufficient steady-state level to trigger the two-hybrid interaction with San1. Consistent with this, both peptides are degraded primarily in a San1-independent manner. The second possibility is that the K-D and AGGRESCAN measures used to evaluate the maximum window of hydrophobicity do not take into account different types of hydrophobicity. Quite of interest, most of the San1-interacting peptides contain stretches of primarily valines, isoleucines, and leucines (as do the stretches of hydrophobicity targeted by San1 in Rad16\*, Sed1\*, and Ura3), whereas peptides L and Q contain few of these residues ([Figure 1](#F1){ref-type="fig"}). Perhaps San1 preferentially targets regions populated by high concentrations of branched-chain hydrophobic residues while disfavoring regions enriched with other types of hydrophobic residues. Future detailed studies will be required to determine the exact molecular rules that govern San1\'s hydrophobicity recognition preference.

In considering what misfolding means in the context of the Ura3 missense mutants, it is probable that overall secondary structures, including amphipathic ones, will remain relatively intact while their positioning in the Ura3 tertiary structure becomes disrupted. In support of this, a recent mutational study was undertaken to probe the folding kinetics of the PDZ domain from the D1 C-terminal processing protease (D1p) of *Scenedesmus obliquus* ([@B25]). Of interest, 10 of 40 different point mutations were found to trap the D1pPDZ domain in a common misfolded intermediate, which possesses nearly the same overall secondary structure content as the native protein, but the positions of its secondary structure elements are perturbed in its tertiary structure. By comparing the solvent-exposed surface area in the structure of the native protein with that of the misfolded intermediate, it was also found that the misfolded intermediate displays substantial surface exposure of hydrophobic regions that are normally buried in the native structure and distal to the mutations. This result mirrors that for the Ura3 missense mutant proteins that we used in this study, in which we observed increased surface hydrophobicity of the mutant proteins by ANS fluorescence in vitro. Definitive conclusions as to what San1 actually recognizes in the Ura3 mutants must await detailed structural studies of the mutants, but the results presented here are consistent with the hypothesis that San1 recognizes exposed hydrophobicity in misfolded missense mutant proteins.

The small window of hydrophobicity that San1 recognizes (window of five) is similar to the small window of hydrophobicity that Hsp70 chaperones bind in their client proteins (window of four) ([@B60]). Hsp70 chaperones use a single, structurally well-defined, substrate-binding cleft to bind this window of hydrophobicity ([@B78]), whereas San1 appears to use multiple substrate-binding modules embedded within intrinsically disordered domains ([@B58]). Given these different binding modalities, we believe that the similarity in exposed hydrophobicity targeted by San1 and Hsp70 chaperones provides an interesting example of convergent evolution by distinct PQC systems. The similarity raises a number of questions regarding the hierarchy of PQC decision making in the nucleus. Is there any coordination between San1 and chaperones, or do they simply compete for substrates? How is the balance of chaperone-facilitated refolding versus San1-mediated destruction regulated and optimized in the nucleus?

In the case of Rad16\*, the hydrophobic region that San1 targets is also responsible for toxicity and aggregation. This underscores the functional purpose of PQC degradation systems like San1---to recognize structural abnormalities within misfolded proteins that can harm the cell. It is well established that exposed hydrophobicity can lead to deleterious protein aggregation ([@B11]). The nucleus in particular is highly susceptible to aggregation, as evidenced by the many human disorders associated with nuclear aggregation ([@B74]). From an evolutionary perspective, it is not surprising then that exposed hydrophobicity is the specific structural abnormality recognized by San1. Although we have yet to identify a human San1 homologue, the human proteins PML IV and UHRF-2 have been implicated as potential nuclear PQC degradation ubiquitin ligases ([@B21]; [@B36]; [@B34]). Understanding what San1 and other nuclear PQC ubiquitin ligases recognize should provide new insights into why certain misfolded proteins escape nuclear PQC surveillance, accumulate, and cause cellular dysfunction.

MATERIALS AND METHODS
=====================

Yeast strains
-------------

Yeast strains used in this study are PJ69-4A (P*~GAL2~*-*ADE2*, *met2::*P*~GAL7~*-*lacZ*, *his3Δ200*, *ura3--52*, *trp1--901*, *LYS::*P*~GAL1~-HIS3*, *leu2--3112*, *gal4Δ*, *gal80Δ*) ([@B35]), BY4741 (*met15Δ0*, *his3Δ1*, *ura3Δ0*, *leu2Δ0*) ([@B6]), RGY506 (BY4741 *san1Δ*), RGY1269 (*his3Δ1, ura3Δ0, lys2Δ0, leu2Δ0, DBP5-dsRED::HIS3*), and RGY1273 (RGY1269 *san1Δ*). Standard yeast media and yeast genetic methods were used ([@B28]).

Plasmids used in this study
---------------------------

Plasmids used in this study are listed in Supplemental Table S1. Plasmids were constructed using standard cloning protocols. The relevant coding regions of each construct used in this study were sequenced. Exact oligonucleotide sequences and plasmid construction details will be provided upon request.

Two-hybrid assays
-----------------

Two-hybrid tests were performed as previously described ([@B58]). Cells expressing GBD-San1^C279S^ and the appropriate GAD fusions were spotted onto selective (media minus histidine) and nonselective media (media plus histidine) to assess interactions and spotting efficiency. Identical strains expressing GBD-Ubp10 and the appropriate GAD fusions were tested as a control experiment. All interaction tests were performed in duplicate using two independent isolates. Growth plates were scanned on an Epson (Long Beach, CA) Perfection V350 Photo Scanner. Images were cropped and processed using the Mac version of Photoshop CS (Adobe, San Jose, CA).

Degradation assays
------------------

Cycloheximide-chase degradation assays were performed similar to those previously described ([@B22]). Cells were grown in synthetic media with 3% raffinose to ∼1 × 10^7^ cells/ml. Galactose was added to 3% and the cells incubated 2 h. Cycloheximide was added to 50 μg/ml and the cells further incubated for 0--5 h. Cells were lysed at the appropriate time point in 200 μl of SUMEB buffer (8 M urea, 1% SDS, 10 mM 3-(*N*-morpholino)propanesulfonic acid, pH 6.8, 10 mM EDTA, 0.01% bromophenol blue) by vortexing with 100 μl of 0.5-mm glass beads (BioSpec Products, Bartlesville, OK). Proteins were resolved on 8--16% SDS--PAGE gels, transferred to nitrocellulose, and immunoblotted with anti-GFP (Sigma-Aldrich, St. Louis, MO) antibodies in 2% milk. Blots were scanned on an Epson Perfection V350 Photo Scanner. Images were cropped and processed using the Mac version of Photoshop CS.

Sliding window analysis
-----------------------

K-D and AGGRESCAN hydrophobicity values for each peptide tested were measured using a five-residue moving window. The maximum values recorded for each peptide were grouped according to that peptide\'s ability to interact with San1 by two-hybrid test. Interacting and noninteracting groups were evaluated by normal quantile plot, and both conformed to normal distributions. However, the sample groups had unequal sample sizes and variances. Therefore we compared the means for interacting and noninteracting groups using Welch\'s unpaired *t* test. One-tailed P values are reported because we are testing the hypothesis that San1-interacting peptides are more hydrophobic than noninteracting peptides.

In vitro hydrophobic binding assay
----------------------------------

Plasmid DNA coding for Ura3, Ura3-2, and Ura3-3 6His fusions (see plasmid list) was transformed into T7 express cells (New England Biolabs, Ipswich, MA). Cells were grown in lysogeny broth (LB) with chloramphenicol at 37°C until an OD~600~ of ∼1.0 was reached. Protein expression was induced by adding isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (Gold Biotechnology, St. Louis, MO) to a final concentration of 300 μM, followed by incubation at 16°C overnight. Harvested cells were lysed in 10 ml of BugBuster (Novagen, EMD Biosciences, San Diego, CA) with 10 mM of phenylmethylsulfonyl fluoride. Soluble extract was applied to TALON resin (Novagen) equilibrated in a 300 mM NaCl, 50 mM Na~2~HPO~4~, pH 7.0 buffer. The column was washed with 7.5 mM imidazole (Sigma-Aldrich) added to the equilibration buffer, and protein was eluted with 150 mM imidazole. Forty microliters of 0.6 mg/ml recombinant protein and 10 μl of varying concentrations of ANS (Acros Organics, Geel, Belgium) were mixed in a 96-well plate and incubated at 25°C for 1 h. ANS fluorescence was excited at 375 nm, and absorbance measurements were taken at 485 nm. All ANS assays were conducted in triplicate.

Microscopy
----------

Fixation and 4′,6-diamidino-2-phenylindole (DAPI) staining of cells were performed as previously described ([@B22]). Cells expressing GFP(S65T) or DsRED fusion proteins were grown in synthetic media with 3% raffinose to ∼1 × 10^7^ cells/ml. Galactose was added to 3% and the cells incubated 8 h. Cells were fixed for 15 min in 4% paraformaldehyde. Fixed cells were washed and resuspended in potassium phosphate buffer (1.2 M sorbitol, 100 mM potassium phosphate, pH 7.5). Cells were then permeabilized by addition of 2% (vol/vol) Triton X-100 and stained for 1 min with the blue nucleic acid--binding dye DAPI (Molecular Probes, Invitrogen, Carlsbad, CA). Following staining, cells were washed and resuspended in potassium phosphate buffer. Fixed and stained cells were visualized at room temperature on a Nikon Eclipse E600 microscope (Nikon, Melville, NY) equipped with a 60× oil immersion objective, a 100-W mercury lamp, and filter sets to visualize GFP (FITC-HYQ), DsRED (Texas red-HYQ), and DAPI (UV-2A). Images were captured with a Photometrics CoolSNAP fx, 12-bit, cooled CCD camera (Photometrics, Tucson, AZ) and the accompanying RS Image software. All images were cropped and processed for publication using the Mac version of Photoshop CS.
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ANS

:   1-anilinonaphthalene-8-sulfonate

GAD

:   Gal4 activation domain

GBD

:   Gal4 DNA-binding domain

IDP

:   intrinsically disordered protein

K-D

:   Kyte--Doolittle

NM

:   nuclear membrane

PQC

:   protein quality control

SUMEB

:   SDS, urea, 3-(*N*-morpholino)propanesulfonic acid, EDTA, bromophenol blue.
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